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A gene coding for thermophilic 0-amylase of Clostridium thermosulfurogenes was cloned into Bacillus subtilis,
and its nucleotide sequence was determined. The nucleotide sequence suggested that the thermophilic
0-amylase is translated from monocistronic mRNA as a secretory precursor with a signal peptide of 32 amino
acid residues. The deduced amino acid sequence of the mature 0-amylase contained 519 residues with a

molecular weight of 57,167. The amino acid sequence of the C. thermosulfurogenes I8-amylase showed 54, 32,
and 32% homology with those of the Bacillus polymyxa, soybean, and barley ,-amylases, respectively. Twelve
well-conserved regions were found among the amino acid sequences of the four ,-amylases. To elucidate the
mechanism rendering the C. thermosulfurogenes ,-amylase thermophilic, its amino acid sequence was

compared with that of the B. polymyxa f8-amylase. The C. thermosulfurogenes ,-amylase contained more Cys
residues and fewer hydrophilic amino acid residues than the B. polymyxa 0-amylase did. Several regions were

found in the amino acid sequence of the C. thermosulfurogenes 0-amylase, where the hydrophobicity was

remarkably high as compared with that of the corresponding regions of the B. polymyxa I-amylase.

,B-Amylase is an exo-type enzyme that hydrolyzes the
--1,4-glucosidic linkages from the nonreducing end of starch

and produces maltose with the P-anomeric configuration.
Although a-amylases, endo-type enzymes, are widely dis-
tributed in various kinds of organisms, P-amylases are

known to be produced only by plants and certain bacteria.
Extensive studies on a-amylases or a-amylase genes re-
vealed that a-amylases of diverse origins, mammalian to
bacterial, have common well-preserved regions including
active centers (3, 6, 14), but relatively little is known about
the structure-function relationships of 3-amylases.

,-Amylases are secreted by several species of the genus
Bacillus, including B. polymyxa (15, 19), B. cereus (20, 27,
29), and B. megaterium (4), and by Clostridium thermosul-
furogenes (5). However, only the gene for the B. polymyxa
P-amylase has been cloned, by us (9) and by Friedberg and
Rhodes (2), and the nucleotide sequence of its 5' portion has
been determined (9). As for plant P-amylases, the primary
structures of those of barley (10) and soybean (17) have been
determined from the respective nucleotide sequences.
The P-amylase of C. thermosulfurogenes, a thermophilic

and anaerobic bacterium, is unique among the P-amylases so
far examined and may be useful in industry, since it is stable
and optimally active at 80 and 75°C, respectively (5). To
determine the primary structure of the heat-stable ,B-amylase
and to elucidate the mechanism conferring thermophilicity
on the enzyme, we cloned the 3-amylase gene of C. thermo-
sulfurogenes into Bacillus subtilis and determined its nucle-
otide sequence.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. C. thermosulfuro-
genes ATCC 33743 was grown in TYE medium (5) supple-
mented with 1% soluble starch at 60°C under anaerobic
conditions. B. subtilis 1A289 (amyE sacA321 aroI906 metB5;
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Bacillus Genetic Stock Center, Ohio State University, Co-
lumbus) was grown at 37°C in antibiotic medium no. 3 (M3;
Difco Laboratories, Detroit, Mich.). Solid media contained
1.5% agar. Plasmid pHWlB was described previously (32).
Erythromycin (10 pLg/ml) was added to the medium for the
growth of plasmid-carrying strains.

Preparation of DNA and transformation. C. thermosulfu-
rogenes DNA was isolated by the method of Saito and Miura
(24). Plasmid DNA was isolated from B. subtilis by the
method of Tanaka et al. (30). Transformation of B. subtilis
was performed as described by Chang and Cohen (1).

Cloning procedures for the C. thermosulfurogenes l-

amylase gene. C. thermosulfurogenes DNA was partially
digested with Sau3AI. Fragments of 3 to 9 kilobase pairs (kb)
in length were isolated by preparative agarose gel electro-
phoresis followed by electroelution. Then 0.3 pg of the
isolated fragments and 0.1 ig of pHWlB DNA cleaved with
BamHI were joined with T4 DNA ligase and used for
transformation of B. subtilis 1A289 to erythromycin resis-
tance. Transformants were replicated onto M3 agar plates
supplemented with 0.3% soluble starch and 10 ,ug of eryth-
romycin per ml. After growth at 37°C for 24 h, the plates
were incubated at 65°C for 3 h; then j-amylase-positive
clones were detected by staining with a 10 mM 12-KI
solution.

Preparation of crude enzyme solutions and the ,l-amylase
assay. The culture supernatants of C. thermosulfurogenes
grown for 72 h and B. subtilis 1A289 carrying pNK1, pNK2,
or pNK3 grown for 24 h as described above were used as

enzyme sources. Ammonium sulfate was added to 80%
saturation to the supernatants. The precipitates were col-
lected by centrifugation at 9,000 x g for 10 min at 4°C,
dissolved in 5 ml of 50 mM acetate buffer (pH 6.0), and then
used as crude enzyme solutions after dialysis against the
same buffer. 3-Amylase activity was assayed by the method
of Murao et al. (19). One unit was defined as the activity
causing the formation of 1 ,umol of maltose from soluble
starch in 1 min.

Purification of 0-amylase produced by C. thermosulfuro-
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FIG. 1. Heat stability and optimum temperature of the -

amylase produced by B. subtilis carrying plasmid pNK1. (A) Heat
stability of 13-amylases. Crude enzymes prepared from culture
supernatants of B. subtilis 1A289 carrying pNk1 (0), C. thermosul-
furogenes (0), and B. polymyxa (A) were incubated at the indicated
temperature for 30 min. The residual 3-amylase activity was deter-
mined at 60°C except the last enzyme, which was assayed at 37°C as

described under Materials and Methods. (B) Effect of temperature
on the activities of the ,B-amylases. The activities of the 1-amylases
prepared from B. subtilis 1A289 carrying pNK1 (@) and C. thermo-
sulfurogenes (0) were measured for 30 min at each temperature.

genes and determination of its NH2-terminal amino acid
sequence. The ammonium sulfate precipitate prepared from a
culture supernatant of C. thermosulfurogenes as described
above was dissolved in and then dialyzed extensively against
50 mM acetate buffer (pH 6.0) containing 10 mM sodium
thioglycolate and 5 mM CaC12. The dialysate was subjected
to chromatography on a DEAE-Sepharose CL6B column
(Pharmacia Fine Chemicals, Piscataway, N.J.) equilibrated
with the buffer described above. The unadsorbed fraction
was concentrated by ultrafiltration with a Diaflo ultrafilter
PM10 (Amicon Corp., Arlington Heights, Ill.) and then
subjected to gel filtration through Bio-Gel A 1.5m (Bio-Rad
Laboratories, Richmond, Calif.). B-Amylase-positive frac-
tions were pooled, lyophilized, and dissolved in the same
buffer as above. After dialysis against the same buffer, the
sample was subjected to high-performance liquid chromatog-
raphy on Asahipak GS-520P (Japan Spectroscopic Co.) by
using the same buffer for elution. ,3-Amylase-positive frac-
tions were pooled and mixed with 5 volumes of cold acetone.

Ac

FIG. 2. Restriction maps of pNK1, pNK2, and pNK3 carrying
the C. thermosulfurogenes J3-amylase gene. The thick lines repre-
sent C. thermosulfurogenes DNA. ermC, CAT, and P-amy with
arrows indicate the positions and the direction of transcription of the
erythromycin resistance gene, the chloramphenicol acetyltransfer-
ase gene, and the P-amylase gene, respectively. Restriction sites:
Cl, ClaI; Ac, AccI; Mf, Mfll; Bc, BcIl; Sa, Sall; Hc, HincII; Sp,
SphI; Ps, PstI; Hd, HindIII; Ec, EcoRI; Mb, MboI. For the MboI
site, only that used as a start point for indication of distances is
shown.

The precipitate obtained on centrifugation was dissolved in
the above-described buffer and dialyzed extensively against
water. P-Amylase thus purified gave a single band on sodium
dodecyl sulfate-10% polyacrylamide gel electrophoresis.
The NH2-terminal amino acid sequence of the purified
P-amylase was determined with an ABI477A/120A protein
sequencer (Applied Biosystems). The combined amino acid
repetitive yield was approximately 90%.
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FIG. 3. Deletion mapping of the ,B-amylase gene. The restriction

map around the 3-amylase gene shown at the top was constructed
by combining the maps of the inserts in pNK1, pNK2, and pNK3.
pNK101, pNK102, and pNK201 are deletion derivatives obtained
from pNK1, pNK1, and pNK2, respectively. Closed bars represent
C. thermosulfurogenes DNA carried by these plasmids. The ability
(+) or inability (-) of each plasmid to direct extracellular 3-amylase
synthesis is shown to the right. The bar ( ) at the bottom denotes

the HincII-EcoRI fragment containing the ,-amylase gene. For
abbreviations, see the legend to Fig. 2.
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1 fI.f.II 1 440.'
GGATCTTAGTTTAGGTGTGTTTTTATACTATGGCGCATTAAAAGGAMTACCGACATCTT TCTGTAGCTCATAGCTGCTTTGATCCAGTATTTAATGTTCCAATAG GAGCAAATAGC

60 . .SerValAlaHisSerCysPheAsPProValPheAsnValProlleGlyAlaLysIleAle
TAGATGAAGCAGCTTTAATAGATGGTTGTAGTAGATTTAGAATCTACTGGAATATCATAC 270 280

120 ..1500 PstI
TGCCATTATTAAATCCTACTACGATCACCCTTGCAGTTTTGGATATTATGTGGATATGGA GGAGTGCATTGGCTATATAATAGTCCGACAMTGCCACATGCTGCAGAATATTGTGCCGGr

180 .GlyValHlisTrpLeuTyrAsnSerProThrM4etProHisAlaAlaGluTyrCysAlaGly
ATGACTACTTATTGCCATCTTTAGTCATA.AACAAGTCGGTTCCAGGACGCTTCCACTAAT 290 300

240 1560...
GATTTTTTACTTCTTTAGCCAGTACACAAAGCAGTGGAATCTCGGTATGGCAGGACTGAC TATTATAATTATAGCACGCTACTCGATCMATTTAAGGCATCTAATCTTGCTATGACATTT

300 TytTyrAsnTyrSerThrLeuLeuAspGlnPhe'LysAlaSerAsnLeuAlaM.etThrPhe
AATAGCAATTTTACCTGTTGTAATTTTCTACTTCTTGGCACAGAGAAAATTAGTCACAGC 310 320

360 1620..
TATATAGCTGGTG9CTGTAAAGCAGTAGGTAAAGCAAAATTATAGTTAGGAGGTGATATT ACATGTCTTGA.AATGGATGATTC-TAATGCATATGTAAGTCCATATTATTCTGCACCTATGO

420' '
. . .ThrCysLeuGluMetAspAspSerAsnAlaTyrValSerProTyrTyrSerAlaProM4et

AAAATAGAAATTTGATAGAAACTGAATATAATTA~TGAAAGGGGTGGGAACTATTGGCAA 330 340
480 . . -35 -10 1680..
ALATAATATCTTATTAAAATTTTTGGCGGCMAAAAATAGTG.ATTATATTATTTTTATCGTA ACGTTAGTCCATTATGTAGCTAATCTTGCTAATAATAAAGGTATAGTCCACAATGGAGAA

540 . . .ThrLeuValHisTyrValAlaAsnLeuAlaAsnAsnLysGlyIleValHisA6nGlyGlu
TGATGGG,AGGGAAAATAAAAATAGATGATTGGAGCTTTTAAPLAGGTTGGGTCAAAAATTG 350 360

SD fMetIleGlyAlaPheLysA.rgLeuGlyGlnLysLeu 1740 .. HindIII
-32 -30 AATGCTTTGGCTATATCCAACACAATCAAGCTTATGTGAATTGTGCAAATGAATTAACA

600 .HincII .AsnAlaLeuAlaIleSerAsnAsnAsnGlnAlaTyrValAsnCysAlaAsnGluLeuThr
TTTTTGACATTGTTAACGGCATCATTAATTTTTGCATCTTCTATAGTA.ACTGCTAATGCA 370 380
PheLeuThrLeuLeuThrAlaSerLeuIlePheAlaSerSerI leValThrAlaAsnAla 1 800 ..... Mf 11
-20 -10 -1 fGGATATAATTTTTCTGGATTTACACTTTTAAGACTTTCGAATATTGTAAATAGTGATGGA

660 . .GlyTyrAsnPheSerGlyPheThrLeuLeuArgLeuSerAsnxleValAsnSerAspGly
AGCATAGCACCAAATTTCAAAGTTTTTGTAATGGGTCCATTAGAAAAAGTCACAGATT¶'T 390 400
SerIleAlaProAsnPheLysValPheValMetGlvProLeuGluLysValThrAspPhe 1860...
+ 1 10 20 TCTGTGACATCAGAGATGGCTCCTTTTGTAATTAATATAGTTACACTAACGCCTAACGGT

720 SerValThrSerGluMetAlaProPheVal1leAsnIleValThkLeuThrProAsnGly
AATGCATTCAALAGATCAATTGATAACTTTAAAGAATAATGd~TGTTTATGGTATAACAACA 410 420
AsnAlaPheLysAspGlnlkUtlleThrLeuLysAsnAsnGlyValTyrGlyIleThrThr 1920..

30 40 ACGATACCAGTTACATTTACA.ATAAACAATGCGACAACTTATTATGGACAAAATGTATAT
780 .ThrIleProValThrPheThrIleAsnAsnAlaThrThrTyrTyrGlyGlnAsnValTyr
GATATTTGGTGGGGCTATGTTGAAAATGCAGGTGAAAATCAATTTGACTGGAGTTATTAT 430 440
AspIleTrpTrpGlyTyrValGluAsnAlaGlyGluAsnGlnPheAspTrpSerTyrTyr 1980..

50 60 ATTGTTGGTAGTACATCTGATCTTGGAAATTGGAATACAACCTATGCCCGTGGTCCTGCA
840 HinM Id IleValGlySerThrSerAspLeuGlyAsnTrpAsnThrThrTyrAlaArgGlyProAla
AAGACATATGCTGATACCGTACGCGCTGCGGGATTGAAGTGGGTTCCAATAATGTCAACG 450 460
LysThrTyrAlaAspThrValA.rgAlaAlaGlyLeuLysTrpValProIleMetSerThr 2040..

70 80 TCATGCCCTAATTATCC¶iACTTGGACAATA.ACGCTTAATCTATTACCTGGTGA0CAGATA
900 SphI .SerCysProAsnTyrProThrTrpThrIleThrLeuAsnLeuLetuPr'oGlyGluGlnlle
CATGCCTGTGGAGGTAATGTTGGTGATACAGTAAATATACCTATTCCGTCATGGGTATGG 470 480
HisAlaCysGlyGlyAsnValGlyAspThrValAsnIlleProIleProSerTrpValTrp 2100..

90 100 CAGTTTAAAGCTGTAAAAATTGATAGTTCAGGAAATGTAACTTGGGAAGGTGGCTCGAAT
960 . .GlnPheLysAlaValLysI leAspSerSerGlyAsnValThrTrpGluGlyGlySerAsn

ACAAAAGATACCCAAGATAATATGCAGTATAAGGATGA.AGCCGGAAATTGGGATLAATGXAA 490 500
ThrLysAspThrGlnAspAsn&MetGlnTyrLysAspGluAlaGlyAsnTrpAspAsnGlu 2160..

110 120 CATACTTATACTGTGCCGACATCTGGGACTGGTAGTGTCACCATTACATGGCAXA.ATTA.A
1020 H..IisThrTyrThrValProThrSerGlymnrGlySerValThrIleThrTrpGlnAsn***

GCAGTAA]GTrCCATGGTATTCTGGCTTAACCCAANCTCTAT.AATGAATTTTATTCATCTTTLT 510 519
AlaValSerProTrpTyrSerGlyLeuTh.rGlnLeuTyrAsnGluPheTyrSerSerPhe 2220..

1 30 140 TCAATAAAkATGTTACACATAGAACAAATTGTAA6ACACrGGAATATATTCCGGTGTTTTTT

GCATCAAA4TTTTAGCAGCTATAAAGATATAATTACTAAALATATATATATiCTGGAGGCCCT TGTATA.TTATGGGCGTTTAATGTTA~AAATAATAGTrGTTTTGATTTTATTAAXAAGT~TTG
AlaSerAsnPheSerSerTyrLysAsplleIleThrLvsIleTyrIleSerGlyGlyPro 2 340

150 1 6C GAGGTAAGAGATGAGTAAAAAAGTTGGTATTCCAAAAGGGCTTTTATACTACAACTT'TTA
1140 . EcoRV . .24.00..

TCTGGAGAAkTTAAGATATCCTTCATAT.AATCCTTCGCATGGATGGACATATCCTGGACGT TCCTA.TGTCGAAAkCATTTTTTGAAGAACTGGGTGCTGAAGTGGTTACTTCCAGTGATAC
SerGlyGluLeuA.rgTyrProSerTyrAsnProSerHisGlyTrpThrvyrProGlyArg 2460.

170 180 ATGTAAAAAkAATAAT~TGATGATGGCATCAAGACTTGCGTGGATGAAACCTGCCTTCCTG0
1200 PstI . . .2520..

GGCTrCGCTGCAGTrGCtATAGTAA.AGCGGCTATAACM,GTTTTCAAAATGCTATGMAGTCT CAAGACATTTATGGGTCATGTGATTGATTTGAAGGAAAAGGGTGTTGATTATATATTTG7I
GlySerLeuGlnCysTyrSerLysAlaAlaIleThrSerPheGlnAsnAlaMetLysSer 2580 ..EcoRV

190 200 TCCAAGAGTCATAAGCGTAGAAAGGCGTAGATATCTATGCTCA.AAATTTTTGGGTTTGCC
1260 ....2640..

AAATATGGAACTATAGCAGCAGTTAATAGTGCATGGGGTACAAGCCTAACTGATTTTTCT TGACTTAGTGA0AAATCTTATTTCTGATTTGCCACAAATAATAGATATG)kAGATTGATT,
LysTyrGlyThrI leAlaAlaValAsnSerAlaTrpGlyThrSe rLeuThrAspPheSer 2700..

210 220 CTATCGTGGAGAAGAGTTTATGGAAAGAGAAATTTTGAGAGTTGGCAAGCTGTTTGTTGI
1320 .2760

CA.AATTAGTCCACCTACAGATGGTGATAATTTCTTTACAAATGGTTATrAA.ACTACTTAT TAGCACAACTAAAATTAAAGACCCATACGAAAAATCTTTAAAAAGGCAAAGGACTTTTGI
GlnlleSerProProThrAspGlyAspAsnPhePheThrAsnGlyTyrLysThrThrTyr 2820 EcoRI

230 240 ATTC
1380

GGTAATCACTTTTTGACATGGTATCAAAGTGTTTTGACTAA~TGAGTTAGCCAATATTGCT
GlyAsnAspPheLeuThrTrpTyrGlnSerValLeuThrAsnGluLeuAlaAsnIlcAla

250 260
FIG. 4. Nucleotide sequence of the P-amylase gene. The nucleotide sequence of the P-amylase gene together with its flanking regions is

shown. Only the sequence of antisense strand is shown. The deduced amino acid sequence of the precursor P3-amylase is shown below the
nucleotide sequence. The possible -35 and -10 sequences in the promoter region and the possible ribosome-binding site, SD, are underlined.
Palindromic sequences are shown by horizontal arrows below the sequence. The amino acid sequence identical with that of the NH2 terminus
of the purified mature C. thermosulfurogenes P-amylase is underlined. The possible signal peptide cleavage site is indicated by a vertical
arrow. The -restriction sites used in this study are shown above the nucleotide sequence.

DNA sequence analysis. The DNA sequence was deter- out to identify sugars with propanol-water (70:30) as the
mined by the dideoxy-chain termination method of Sanger et solvent system by the multiple ascending method. Silver
al. (25). Vector plasmids pUC118 and pUC119 and phage nitrate was used to detect sugars. Hydropathy of 3-amylases
K07 (31) were used to prepare single-stranded plasmid was calculated by the method of Kyte and Doolittle (11) with
DNA. Sequencing was performed for the entire lengths of a span of five amino acid residues.
both strands, and all of the ends of the DNA fragments used
overlapped with one an'other. R SL SA DDS USO

Other analytical procedures. Sodium dodecyl sulfate-poly- R S LSA DDSU SO
acrylamide gel electrophoresis was performed as described Cloning of the thermophilic ,-amylase gene of C. thermo-
by Laemmli (13). Thin-layer chromatography was carried sulfurogenes into B. subtilis. The Sau3AI fragments of C.
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1) IVGSTSDLG-NWNTTYARGPASCPNYPTWT--ITLNLLPGEQIQFKAVKIDSSGNVTWEGGSNHT--YTVPTSGTGSVTITWQN 519 C. thermosulfurogenes
* * * * * ** * * * ** * ** * * * ** * * *

2) YIHYRPAGG-SW-T-AAPGVKMQDAEISGYAKITVDIGSASQL--EAAFND--GNNNWD--SNNTNYSF--S-TGTSTYTPGN.... 51 0 B.polymyxa
* * *

3) LEATKPTLPFPWLPETDMKVDG 495 Soybean
* *** ** *

4) P---K-LQPFPFEEHTDLPVGPTGGMGGQAEGPTCGMGGQVKGPTGGMGGQAEDPTSGIGGELPATM 535 Barley
FIG. 5. Comparison of the amino acid sequences of various P-amylases. The sequences of the following mature f-amylases are compared:

1, C. thermosulfurogenes (this study); 2, B. polymyxa (9); 3, soybean (17); 4, barley (10). For the B. polymyxa P-amylase, the amino acid
sequence of the NH2-terminal 510 residues, which is sufficient to constitute an enzymatically active fragment, is used (see text). The
sequences are aligned to obtain maximum homology. Dashes in the amino acid sequences denote the deletion of corresponding residues.
Identical residues are denoted by asterisks between the sequences. Regions well conserved in all P-amylases are boxed.

thermosulfurogenes DNA of 3 to 9 kb in length were inserted
into the BamHI site of plasmid pHWlB (32) and then used to
transform B. subtilis 1A289, an amylase-deficient strain. The
amylase-producing transformants were detected on starch-
containing plates by pouring on an KI-12 solution, as de-
scribed in Materials and Methods. Among 6,000 transfor-
mants examined, 3 clones (NK1, NK2, and NK3) had
reddish transparent zones around their colonies. The crude
enzyme solutions prepared from the culture supernatants of
these three clones showed starch-degrading activity. The
degradation product was exclusively maltose. On sodium
dodecyl sulfate-polyacrylamide gel electrophoresis followed
by renaturation and activity staining in situ (12), the enzymes
from the three clones migrated to the same position as the
purified C. thermosulfurogenes 3-amylase with a apparent
molecular weight of about 55,000 (data not shown). Further-
more, the enzymes showed the same heat stability and
optimal temperature as those of the enzyme prepared from
C. thermosulfurogenes (Fig. 1). These results indicate that
the amylase-positive clones isolated here contained the
,3-amylase gene of C. thermosulfurogenes.

Restriction analysis of the plasmids carried by the I-
amylase-positive clones. The restriction maps of the plasmids

harbored by the three amylase-positive clones are shown in
Fig. 2. The three plasmids, pNK1, pNK2, and pNK3,
contained inserts of 3.6, 4.0, and 4.7 kb in length, respec-
tively. A 3.5-kb MflI-Sau3AI fragment was common among
the three plasmids. Deletion analysis of the plasmids showed
that a 2.2-kb HincII-EcoRI fragment within the 3.5-kb frag-
ment shown at the bottom of Fig. 3, contained the 3-amylase
gene. Southern blot analysis (28) of the C. thermosulfiuro-
genes genome, in which the cloned DNA fragments were
used as hybridization probes, indicated the existence of a
single 3-amylase gene i-n the genome and that no deletion or
DNA rearrangement in the gene had occurred during the
cloning procedures (data not shown).

Nucleotide sequence of the j-amylase gene. The nucleotide
sequence of the 2,823-base-pair MflI-EcoRl fragment con-
taining the HincII-EcoRI fragment mentioned above was
determined (Fig. 4). We found only one long open reading
frame, which started from ATG at nucleotide number 564
and ended in TAA at nucleotide 2,217. The open reading
frame encoded a polypeptide of 551 amino acid residues.
Since the amino acid sequence deduced from the DNA
sequence contained the NH2-terminal amino acid sequence
of the mature ,B-amylase of C. thermosulfurogenes deter-
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TABLE 1. Comparison of the amino acid compositions of mature ,-amylases

No. (%) of amino acid residues

Amino acid C. thermosulfurogenes B. polymyxaa

Total Nonhomologous Total Nonhomologous

Charged residues 69 (13.3) 27 (13.3) 99 (19.4) 57 (24.8)
Hydrophilic residues 105 (20.2) 37 (15.5) 132 (25.9) 65 (28.3)
Hydrophobic residues 244 (47.0) 102 (42.7) 241 (47.3) 100 (43.5)
Neutral residues 170 (32.8) 100 (41.8) 137 (26.9) 65 (28.3)
Gly 41 (7.9) 6 (2.5) 58 (11.4) 23 (10.0)
Ala 39 (7.5) 22 (9.2) 44 (8.7) 27 (11.7)
Val 33 (6.4) 19 (7.9) 19 (3.7) 6 (2.6)
Leu 29 (5.6) 12 (5.0) 31 (6.1) 15 (6.3)
Ile 29 (5.6) 16 (6.7) 25 (4.9) 12 (5.0)
Met 9 (1.7) 4 (1.7) 7 (1.5) 2 (0.9)
Phe 22 (4.2) 8 (3.3) 21 (4.1) 7 (3.0)
Trp 16 (3.1) 5 (2.1) 13 (2.6) 2 (0.9)
Pro 26 (5.0) 10 (4.2) 23 (4.5) 6 (2.6)
Ser 46 (8.9) 30 (12.5) 47 (9.2) 29 (12.6)
Thr 51 (9.8) 28 (11.7) 32 (6.3) 9 (3.9)
Asn 51 (9.8) 31 (13.0) 39 (7.7) 19 (8.3)
Gln 15 (2.9) 6 (2.5) 16 (3.1) 7 (3.0)
Cys 7 (1.4) 5 (2.1) 3 (0.6) 1 (0.4)
Asp 22 (4.2) 9 (3.8) 29 (5.7) 16 (7.0)
Glu 15 (2.9) 6 (2.5) 18 (3.5) 9 (3.9)
Lys 19 (3.7) 6 (2.5) 37 (7.3) 24 (10.4)
His 8 (1.5) 4 (1.7) 7 (1.4) 3 (1.3)
Arg 5 (1.0) 2 (0.8) 8 (1.6) 5 (2.2)
Tyr 36 (7.0) 10 (4.2) 33 (6.5) 8 (3.5)

a The NH2-terminal 510 residues of the mature B. polymyxa enzyme are used (see the text).

mined chemically (amino acids + 1 through + 12; underlined
in Fig. 4), the open reading frame should represent a
structural gene for the P-amylase. The amino acid sequence
from amino acids -32 to -1 showed characteristics typical
of signal peptides of secretory precursors, i.e., two posi-
tively charged residues near the NH2 terminus followed by a
hydrophobic stretch (8).
Sequences homologous to the consensus sequences for

the J43 RNA polymerase of B. subtilis (TTGACA at position
-35 and TATAAT at ppsition -10 [18]) and a possible
ribosomal binding site (SD), a sequence homologous to the
3' end of B. subtilis 16S rRNA (16), were found upstream
from the ORF (TTGAAA at nucleotides 454 through 459,
CAAAAT at nucleotides 477 through 482, and GGAGGGA
at nucleotides 545 through 551; underlined in Fig. 4). A
palindromic sequence that could form a stable stem-and-loop
structure (AG = -19.5 kcal [ca. 81.6 kJ]/mol; nucleotides
2,251 through 2,276) followed by an A+T-rich sequence is
characteristic of rho-independent transcriptional terminators
of Escherichia coli (23). From these findings, we consider
that the ,-amylase of C. thermosulfurogenes is translated
from a monocistronic mRNA as a secretory precursor with a
signal peptide of 32 amino acid residues. We deduce that the
mature C. thermosulfurogenes ,-amylase consists of 519
amino acid residues with a molecular weight of 57,167. The
molecular weight agrees well with that estimated from so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis of
the purified enzyme described above.
Comparison of the amino acid sequences of various j8-

amylases. Figure 5 compares the amino acid sequences of the
mature ,-amylases of C. thermosulfurogenes (this study), B.
polymyxa (9), soybean (17), and barley (10). Since the
,B-amylase of B. polymyxa is synthesized as a large molecule
with a molecular weight higher than 100,000, the amino acid
sequence of the NH2-terminal 510 amino acid residues,

which is sufficient to constitute an enzymatically active
fragment (9), was used in this study. We found that 54, 32,
and 32% of the amino acid residues of the C. thermosulfu-
rogenes P-amylase were homologous to those of the B.
polymyxa, soybean, and barley P-amylases, respectively.
The homology was higher on the NH2-terminal side than on
the COOH-terminal side. Twelve regions relatively well
conserved among the four P-amylases are boxed in Fig. 5.
These regions include the three highly conserved sequences
of P-amylases found by Mikami et al. (17) and might be
important for the expression of enzyme activity. Since
,B-amylases so far examined are all susceptible to sulfhydryl
reagents, Cys-88 and Cys-322 of the C. thermosulfurogenes
,B-amylase, located within the highly conserved regions
mentioned above, should play important roles in the cata-
lytic reaction or in maintenance of the enzyme structure.

Ba,sed on the homology between the amino acid sequences
of the C. thermosulfurogenes and B. polymyxa ,-amylases,
the structures of the two enzymes may be basically similar.
The unique thermophilicity of the former enzyme should be
due to its nonhomologous amino acid residues. Table 1
compares the amino acid compositions of the two enzymes.
The C. thermosulfurogenes ,-amylase contains seven Cys
residues, whereas the B. polymyxa P-amylase only contains
three. The increased number of Cys residues might be
responsible for the heat stability of the former enzyme by
generating an additional disulfide bond(s) as shown in the
case of stabilization of T4 lysozyme (22) and subtilisin BPN'
(21) toward thermal inactivation. The number of hydrophilic
amino acid residues is smaller in the C. thermosulfurogenes
,-amylase (105 residues, 20% of the total residues) than in
the B. polymyxa ,3-amylase (132 residues, 26% of the total
residues). The difference is more evident when the nonho-
mologous residues of the two enzymes are compared. Only
15% of the nonhomologous residues are hydrophilic in the
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I v 'Vi * U\S -'I *I \I : X-v Ar I I 1 : I I I "-A _ ;-:I

FIG. 6. Comparison of the hydropathy profiles of the C. thermosulfurogenes and B. polymyxa ,-amylases. The profile of the mature
P-amylase of C. thermosulfurogenes ( ) and that of the NH2-terminal 510 amino acid residues of the B. polymyxa ,B-amylase (... ) are
compared. The abscissa of each panel shows the amino acid number. The ordinate shows the average hydrophobicity (positive ordinate) or
hydrophilicity (negative ordinate) of 5 amino acid residues. Arrows indicate regions where the hydrophobicity of the C. thermosulfurogenes
enzyme is markedly higher than that of the B. polymyxa enzyme. Horizontal bars at the bottom of each panel denote well-conserved regions
found in the amino acid sequences of four P-amylases of different origins (Fig. 5).

former, whereas 28% of those of the latter are hydrophilic
(Table 1). The lower content of hydrophilic amino acid
residues might increase the internal hydrophobicity of the
enzyme molecule so that it folds into a heat-stable form with
stronger internal packing in an aqueous solution, as is the
case in the alteration of the thermostability of the Bacillus
stearothermophilus neutral protease (7). Figure 6 compares
the hydropathy profiles of the C. thermosulfurogenes and B.
polymyxa P-amylases. The hydrophobicity of the former was
higher than that of the latter as a whole and especially in the
several regions indicated by arrows. These regions might
represent those internally packed in the P-amylase molecule
as mentioned above. We are at present examining such
possibilities by means of site-directed mutagenesis of the
cloned w3-amylase gene and by construction of chimeric
genes between the two enzymes and analysis of the heat
stability of the gene products. The primary structure of the
thermophilic ,-amylase presented here will also be useful for
investigation of the phylogenetic relationships among vari-
ous amylases of different origins (26).
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